Identifying probiotics and pathogens is of great interest to the health of the human body. It is critical to develop microbiota-targeted therapies to have high specificity including strain specificity. In this study, we have utilized E. coli MG1655 bacteria as living templates to synthesize glycopolymers in situ with high selectivity. By this bacteria-sugar monomer-aptation-polymerization (BS-MAP) method, we have obtained glycopolymers from the surface of bacteria which can recognize template bacteria from two strains of E. coli and the specific bacteria-binding ability of glycopolymers was confirmed by both bacterial aggregation experiment and QCM-D measurements. Furthermore, the synthesized glycopolymers have shown a powerful inhibitory ability which can prevent bacteria from harming cells in both anti-infection and co-culture tests.
Introduction
Different types of bacteria populate the microbiota of the host in which they live. Probiotic bacteria protect the host from the external environment, while pathogenic bacteria may cause infectious diseases. Antibiotics treat infectious diseases by killing pathogens, 1 however they may also kill non-pathogens thereby changing the composition of the microbiota and increasing susceptibility to secondary infections. Some nonlethal microbes may even become lethal.
2 The bacterial strain is as important as the bacterial type because minor mutations may transform probiotic bacteria into pathogenic ones of the same type.
3 Therefore, it is critical to develop microbiotatargeted therapies in which their agents have high specicity including strain specicity. 4 Amongst the different selective reagents, 5 sugars play an important role in biological processes involving recognition and signalling.
6 Some sugars have high affinity for proteins, making them suitable for applications where such specicity is necessary.
7 For example, lectins, sugarbinding cell surface receptor proteins, 8 and a variety of different sugars have been utilized to recognize bacteria. 9 Synthetic glycopolymers have been shown to be strongly selective based on specic binding between the sugar units and proteins.
10
However, more work is still needed to obtain glycopolymers that can identify specic bacteria down to the level of the strain, which has not yet been reported to the best of our knowledge. Herein, we report the use of bacteria as "living" templates to synthesize glycopolymers in situ such that strain-specic affinity is realized. By choosing appropriate sugar monomer and polymerization method, we present a convenient approach to prepare glycopolymers with high specicity based on the optimized permutation of sugars using target bacteria as a live template. We refer to this approach as bacteria-sugar monomeraptation-polymerization (BS-MAP).
E. coli is a convenient system whose various genotypes can be easily found, 11 therefore for this work, we chose E. coli as a model bacterium. 2-(Methacrylamido)glucopyranose (MAG) and 2-(N-3-m,sulfopropyl-N,N-dimethyl ammonium) ethyl methacrylate (MEDSA) were chosen as monomers for the synthesis of the glycopolymers. MAG is a sugar-containing monomer chosen for its binding ability and MEDSA is a nonsugar, non-binding monomer which can act as a spacer in the formed polymeric chain. The reducing properties of E. coli facilitate the activator regenerated electron transfer atom transfer radical polymerization (ARGET ATRP) of these monomers.
12 Two polymers were obtained: one was formed in the solution phase (SP) and the other on the surface of the bacteria (BP) which was then released and collected from the bacterial surface by addition of mannose (1 mg mL À1 , PBS), a strong
Results and discussion
The targeted molecular weights of all polymers were about 8 kDa, and Đ < 1.56. The polymers obtained from solution in the presence (SP) or absence (NP) of bacteria had similar sugar contents of about 30%, while the polymer washed from the surfaces of the bacteria (BP) had a sugar content as high as 50%. It has been previously established that the participation of bacteria in the polymerization can change the ratio of monomers in the copolymer. 12 In our system, we believe that such change in monomer ratio is attributed to the preferential binding affinity of bacteria to sugar moieties, leading to greater incorporation of the MAG monomer in the polymer formed at the surface.
We rst used a bacterial aggregation experiment 14 to investigate whether BP can bind templates specically as expected (Fig. 1A) . Besides the above three copolymers, homopolymers of MAG and MEDSA (pMAG, pMEDSA) were synthesized as controls (Table 1) . To test the specicity of polymers, E. coli DH5a was chosen as a non-template bacteria, derived from the template bacteria E. coli MG1655 with slightly changed genome.
11 As seen in Fig. 1A , the BP templated on E. coli MG1655, among all the polymers, had the greatest ability to cluster MG1655. pMEDSA caused very little MG1655 aggregation probably due to its antifouling properties as a zwitterion ( Fig. S11 †) ;
15 pMAG caused some clustering of MG1655 but much less than BP, indicating that a higher content of sugar does not necessarily produce greater affinity. NP and the SP obtained from solution in the template reaction caused a little MG1655 clustering but less than either BP or the homopolymer pMAG. Compared to template bacteria, the ability of the polymers to cluster non-template bacteria DH5a did not change signicantly except in the case of BP. The quantities of DH5a clusters in the solutions of BP decreased considerably and were even lower than those caused by NP. These data suggest that BP obtained from the surface of template bacteria possess strainspecic affinity. As shown above, BP exhibited strong affinity and selectivity when interacting with bacteria alone. But in the "real world" involving more complex systems, it is desirable that the BP be able to recognize targets from ora bacteria of two or more types. With this in mind we investigated the ability of BP to identify template bacteria in mixtures of template and nontemplate bacteria. Non-template bacteria DH5a were modied with a target gene expressing red uorescent protein to be distinguished from template bacteria which were stained by STYO9 (green). In addition to the control copolymers NP and SP, we synthesized a copolymer (RP) with virtually the same composition as BP to investigate whether a specic sugar content was required for specic affinity. In water solution without polymer, the bacteria did not aggregate (Fig. S13 †) while in solutions of NP and SP, a few clusters showing both red and green uorescence were observed (Fig. 1B) , indicating that the interactions between the polymers and bacteria were weak and non-specic. RP also gave a few clusters of both bacteria. In contrast, in the solution of BP, large green clusters but no red clusters were observed, providing further conrmation that BP possesses specic affinity for green template bacteria MG1655 in mixtures with red non-template bacteria. These data for RP suggest that the selective binding property of BP does not require a specic monomer composition. It is, however, possible that the monomer sequence plays an important role in the strain-specic affinity. Thus in the case of the copolymer (BP), the monomer sequence may match the positioning of the receptor proteins so that the distance between adjacent MAG residues is the same as that between binding sites on the surface of the bacteria. We refer to this phenomenon as bacteria-sugar monomer-aptation-polymerization (BS-MAP).
In order to verify the process of template polymerization, we incubated the bacteria with the sugar-containing monomer MAG, and then re-suspended them in MEDSA so that there was no free MAG in the solution. Aer polymerization, two kinds of polymers were obtained as expected: one in solution (SP2) and the other on the surface of the bacteria (BP2). The sugar contents of these two polymers were calculated from 1 H-NMR spectra. The data conrmed our hypothesis: that SP2 had only a few MAG moieties while BP2 had MAG content similar to that of BP. We believe that the process of BS-MAP has brought some sort of chain sequencing encoded with the information on bacterial surface. 13 C-NMR spectroscopy was then used to explore the monomer sequence. Interestingly, some differences were observed in the 13 C-NMR spectra of the produced polymers. In the region of -CH 2 -carbon (58-61 ppm), we noted that all spectra of copolymers show two broad peaks around 60.5 to 60.8 ppm except that of the copolymer BP shows two distinct peaks instead, assigned for carbons of two chemical environments of -CH 2 -O-on the two monomeric units of MAG and MEDSA (Fig. 2) . This reveals the different chain sequence of synthesized glycopolymers which also explains the differences in specicity and binding ability. However, it is not possible to determine the total monomer sequence on account of the structural features of the BPs due to limitations of current analytical methods. Quartz Crystal Microbalance with Dissipation monitoring (QCM-D) was used to further quantify the bacteria-binding ability of the different polymers. For the template bacteria, E. coli MG1655, BP showed the highest adsorption of all the polymers (Fig. S14A †) , in agreement with the bacterial aggregation experiments. The adsorption of NP and SP was much lower, and NP showed higher adsorption than SP, possibly because as a random copolymer, it may contain a few short sugar sequences that match the binding sites of MG1655. SP, conversely, formed in solution and having low affinity, may be described as a polymer that is "less-liked" by the template bacteria. For the non-template bacteria, DH5a, the frequency changes caused by NP and SP were similar to those seen with the template bacteria (Fig. S14B †) . However, the response to BP was quite different. A more rapid decrease of frequency was followed by a rapid increase upon injection of water, indicating that the interaction between BP and non-template bacteria is weak. This may seem surprising given that the two bacteria are highly similar and have the same major receptor proteins. However, the chain sequence in BP, matching the location of the receptor proteins in the template bacteria, presumably resulted in BP binding non-specically and weakly to the nontemplate bacteria so that it could be washed off easily by water. The specicity of BP is more apparent by comparing the nal frequency change which was about 47-fold greater for template bacteria than for non-template bacteria (Fig. S15 †) . To obtain more detailed information on how the polymers interact with the template bacteria, they were attached to gold nano-particles (GNPs). The GNPs (diameter 13 nm by TEM, Fig. S18 †) were added to a suspension of MG1655 and observed by TEM. It was found that SP-modied GNPs were distributed randomly around the bacteria, and only a few were adhered. For the BP-modied GNPs, in contrast, large quantities appeared near the surface of the bacteria indicating specic affinity between BP and MG1655 (Fig. 3) .
Since this data shows that BP binds to the bacteria speci-cally, we carried out a preliminary test of its potential application as an anti-infection agent. BP is expected to occupy the binding sites of the bacteria, thereby preventing or weakening the interactions of the bacteria with cells. 16 We (Fig. 4A) . Upon exposure to bacteria, less than 20% of the cells remained active. Inclusion of SP and NP improved viability to about 50%, and with BP present, almost all of the cells were spindle-shaped, and presumably active, Fig. 4B . It is assumed that the glycopolymers prevented the bacteria from harming the cells, and that BP, with the highest affinity to MG1655, was therefore the most effective anti-bacterial agent.
BP has been shown to have promise as an anti-infection agent against mature cells on the surface. A different situation occurs when bacteria are introduced in the early stages of adhesion, i.e. the growth of bacteria and cells on the surface of the implant is competitive.
17 Co-culture experiments were carried out to test the possible benecial effects of glycopolymer BP in this situation. Gold-coated slides were immersed in a mixed culture of MG1655 and ECs for 24 h at 37 C. The slides were then treated with DAPI to stain the cell nuclei blue, and with FITC to stain the F-actin green. As seen in Fig. 5A , ECs were not competitive with MG1655, as there were no cells on the slides, only a few green dots which are probably cell debris. This result indicates that the bacteria hindered EC growth and even caused cell death. In the presence of BP, the cells were spindleshaped and appeared healthier. The density of cells in the BP group was 8-fold greater than in the group without BP (Fig. 5B) , suggesting that BP facilitates the adhesion and shape change of ECs in the presence of bacteria on gold surface. It should be noted that BP may not prevent bacterial colonization or eliminate negative effects on the cells completely. However, it seems likely that anti-bacterial performance can be greatly enhanced by introducing bactericidal groups like Ag + or quarternary ammonium groups in other applications.
Experimental section

Materials
Methacryloyl chloride (stabilized with hydroquinone monomethyl ether, 80%), tris(2-pyridylmethyl)amine (98%) and D-(+)-glucosamine hydrochloride (98%) were purchased from TCI. 2- (N-3-sulfopropyl-N,N-dimethyl C-NMR spectra were recorded on a Bruker Avance III HD 500 MHz (HD500) spectrometer with D 2 O as the solvent. Molecular weights and molecular weight distributions were obtained by a Waters 1515 gel permeation chromatography (GPC) system equipped with a PL aquagel-OHMIXED-M column (polymers were dissolved in the mobile phase consisted 0.2 M NaNO 3 and 0.01 M NaH 2 PO 4 (adjusted to pH ¼ 9). The ow rate was 1.0 mL min
À1
. Calibration was with PEG standards). The uorescent images of bacteria and cells were captured with an Inverted uorescence Microscope (BX51, Olympus), Quartz crystal microbalance-dissipation (QCM-D) measurements were carried out by a Q-Sense-E4 instrument (Q-Sense, Sweden) with control soware (Resonant Probes GmbH, Goslar, Germany). A transmission electron microscopy (TEM, Tecnai-G20, 120 kV, FEI) was used in this work. The particle size and zeta potential of GNPs were measured using a zetasizer nano ZS instrument (Malvern Inst. Ltd. Malvern, UK).
Synthetic procedures
Synthesis of MAG. MAG were obtained following a literature method:
18 5 g D-(+)-glucosamine hydrochloride and 3.2 g potassium carbonate was dissolved in 120 mL anhydrous methanol in a 250 mL round bottom-ask using ice and ethanol to bathe. Aer 30 min when the temperature was À10 C, 1.8 mL methacryloyl chloride was added by drop. The reaction last for 4 h and then solution was condensed to 15 mL aer potassium carbonate removed by ltration. The products were puried by column chromatography (methanol/dichloromethane, 1 : 4) and white solid (2.8 g) was obtained by rotary evaporation.
Homopolymerization of MAG (pMAG). 0.296 g MAG, 3.35 mg CTA and 1 mg AIBN were dissolved in degassed mixture of 1.5 mL methanol and 1.5 mL water, and bathed in 75 C oil to start polymerization for 14 h. The reaction was exposed to the air to stop the polymerization, aer which the mixture was dialysed against water for 72 h and then were freeze-dried to get the white cottony solid (88 mg). Homopolymerization of MEDSA (pMEDSA). 0.335 g MEDSA, 3.35 mg CTA and 1 mg AIBN were dissolved in degassed mixture of 1.5 mL methanol and 1.5 mL water, and bathed in 75 C oil to start polymerization for 14 h. The reaction was exposed to the air to stop the polymerization aer which the mixture was dialysed against water for 72 h and then were freeze-dried to get the white cottony solid (141 mg). Random polymerization of normal polymer (NP). 171.5 mg MAG, 194 mg MEDSA, 0.794 mL HEBIB (initiator) were dissolved in 200 mL H 2 O and 200 mL 0.69 mM solution with CuBr 2 and TPA which contains 1/6 DMSO in a reaction ask bubbling with nitrogen. 70 mL 3.86 mg mL À1 degassed sodium ascorbate solution was added to start the polymerization at room temperature for 24 h. The reaction was exposed to the air to stop the polymerization aer which the mixture was dialysed against water for 72 h and then were freeze-dried to get the white cottony solid (123 mg). Polymerization based on live bacteria. One step: 171.5 mg MAG, 194 mg MEDSA, 0.794 mL HEBIB (initiator) were dissolved in 7 mL bacteria suspension (OD 600 ¼ 0.8) which were washed twice then re-suspended by fresh PBS (pH ¼ 7.4) in a reaction ask following bubbling with nitrogen for 30 min over ice aer which degassed solution with 0.69 mM CuBr 2 and TPA which contains 1/6 DMSO was added to begin the polymerization at 4 C for 24 h. The reaction was exposed to the air to stop the polymerization. The polymers in the solution (SP) were obtained by centrifugation and the polymers at the surface of bacteria (BP) were received by washing bacteria twice with mannose (1 mg mL À1 ), aer which the two separated polymer solution were dialysed against water for 72 h and then were freeze-dried to get the white cottony solid (3 mg for BP and 17 mg for SP). Two step: the freshly re-suspended 7 mL bacteria suspension (OD 600 ¼ 0.8) were incubated with 171.5 mg MAG at 37 C, 190 rpm for 30 min and then re-suspended by fresh PBS (pH ¼ 7.4) again with 194 mg MEDSA in a reaction ask following bubbling with nitrogen for 30 min over ice aer which degassed solution with 0.69 mM CuBr 2 and TPA which contains 1/6 DMSO was added to begin the polymerization at 4 C for 24 h. The reaction was exposed to the air to stop the polymerization. The polymers in the solution (SP2) were obtained by centrifugation and the polymers at the surface of bacteria (BP2) were received by washing bacteria twice with mannose (1 mg mL À1 ) aer which the two separated polymer solution were dialysed against water for 72 h and then were freeze-dried to get the white cottony solid (3 mg for BP2 and 30 mg for SP2). Polymerization of polymers (RP) with similar ratio with BP. 0.148 g MAG, 0.1675 mg MEDSA, 3.35 mg CTA and 1 mg AIBN were dissolved in degassed mixture of 1.5 mL methanol and 1.5 mL water, and bathed in 75 C oil to start polymerization for 8 h. The reaction was exposed to the air to stop the polymerization aer which the mixture was dialysed against water for 72 h and then were freeze-dried to get the white cottony solid (89 mg).
Bacterial aggregation experiment
Bacteria cultures. E. coli MG1655 and DH5a were both cultured in 1 mL lysogeny broth (LB) medium at 37 C with shaking at speed of 190 rpm overnight. Red E. coli DH5a were cultured in the same condition except 50 mg Ampicillin were added into the LB medium. Aggregation assay of polymers with single strain of bacterium. Both of the E. coli MG1655 and DH5a (OD 600 ¼ 0.08) were stained by STYO9 (green) and re-suspended with water. Polymers were dissolved in water (1 mg mL À1 ) and then mixed with stained bacteria suspension separately at the ratio of 1 : 2. Aer incubation in 37 C for 2 h, mixture (2 mL) of polymers and bacteria were dropped on a glass slide covered with glass slice. An optical microscope was used to examine the green clusters. Aggregation assay of polymers with mixture of two strains of bacteria. The E. coli MG1655 (OD 600 ¼ 0.08) were stained by STYO9 (green) and re-suspended with water. The red E. coli DH5a (OD 600 ¼ 0.08) were also re-suspended with water and then mixed with stained E. coli MG1655 (1 : 1). Polymers were dissolved in water (1 mg mL
À1
) and then mixed with the suspension of two strains of E. coli (1 : 2). Aer incubation in 37 C for 2 h, mixture (2 mL) of polymers and bacteria were dropped on a glass slide covered with glass slice. An optical microscope was used to examine the green and red clusters.
Quartz crystal microbalance with dissipation (QCM-D) measurements
The QCM chips were immersed separately in the suspension of two strains of bacteria (OD 600 ¼ 0.05) in 37 C for 3 h, aer which, the chips were washed by sterile water for three times. Then the chips were put into chambers and pumped with water at a ow rate of 50 mL min À1 until the base line keep stable.
Polymers with water (1 mg mL
À1
) were injected at a speed of 10 mL min À1 . 60 min later, the water was pumped again until no changes in the frequency detected by QCM-D to make sure that there were still bacteria aer washing by water and calculate the frequency caused by per bacterium, the chips were treated with LIVE/DEAD BacLight kit and then imaged to get the number of bacteria on the chips.
Interaction of bacteria and golden nano-particles (GNPs) decorated with polymers Preparation of GNPs. GNPs of diameter as 13 nm were prepared as before 19 and characterized by Transmission Electron Microscopy (TEM) and dynamic light scattering (DLS).
Synthesis of GNP-SP and GNP-BP. 30 mL b-cysteamine (40 ng mL À1 ) were added into 1 mL GNPLs (1.2 nM) with shaking at room temperature for 2 h. The unbounded b-cysteamine was removed by centrifugation (12 000 rpm for 10 min). The GNPs were re-suspended with 500 mL water, 50 mL K 2 CO 3 solution (10 mg mL À1 ) and 50 mL SP or BP solution (1 mg mL À1 ) to start the reaction, shaking at 55 C for 18 h. The GNP-SP and GNP-BP were characterized by Transmission Electron Microscopy (TEM) and dynamic light scattering (DLS).
The interaction between bacteria and GNP-SP/GNP-BP. The GNPs modied with polymers (50 mL) were added into bacteria suspension (OD 600 ¼ 0.1, 100 mL) with shaking at 37 C for 2 h.
The un-adhered GNPs were removed by centrifugation (6500 rpm for 5 min) and bacteria on the bottom were resuspended with water (100 mL). The re-suspended bacteria (10 mL) were dropped onto a 300-mesh Cu grid followed by vacuum drying overnight. The samples were examined by TEM.
Conclusions
We have synthesized glycopolymers with high specicity for binding to bacteria using the bacteria as living templates via bacteria-sugar monomer-aptation-polymerization (BS-MAP).
Specicity for bacteria strains was demonstrated via bacterial aggregation and QCM-D measurements. It was shown that the sugar content and ratio of MAG and MEDSA in the glycopolymers were not the main factors contributing to the specicity. Glycopolymers with optimized sugar content and chain sequence could be conveniently obtained by BS-MAP. BPs as potential inhibitors of bacterial adhesion and promoters of endothelial cell attachment and proliferation on gold substrate were tested in co-culture experiments both in the initial and later periods of culture. The effects of the glycopolymers were greater during the later period when the cells were growing well. This approach provides a convenient and general strategy for the preparation of synthetic glycopolymers with high specicity for bacteria used as templates in the synthesis. It is expected that this technique will provide the basis for many future applications such as cell labeling and capturing.
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